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The reasons for poor CD4* T-cell recovery in some human immunodeficiency virus (HIV)-infected subjects
despite effective highly active antiretroviral therapy (HAART) remain unclear. We recently reported that
CXCR4-using (X4) HIV-1 could be gradually selected in cellular reservoirs during sustained HAART. Because
of the differential expression of HIV-1 coreceptors CCRS and CXCR4 on distinct T-cell subsets, the residual
replication of RS and X4 viruses could have different impacts on T-cell homeostasis during immune reconsti-
tution on HAART. We examined this hypothesis and the mechanisms of CD4™" T-cell restoration by comparing
the virological and immunological features of 15 poor and 15 good immunological responders to HAART. We
found a high frequency of X4 viruses in the poor immunological responders. But the levels of intrathymic
proliferation of the two groups were similar regardless of whether they were infected by RS or X4 virus. The
frequency of recent thymic emigrants in the poor immunological responders was also similar to that found in
the good immunological responders, despite their reduced numbers of naive CD4* T cells. Our data, rather,
suggest that the naive T-cell compartment is drained by a high rate of mature naive cell loss in the periphery
due to bystander apoptosis or activation-induced differentiation. X4 viruses could play a role in the depletion
of naive T cells in poor immunological responders to HAART by triggering persistent T-cell activation and

bystander apoptosis via gp120-CXCR4 interactions.

Highly active antiretroviral therapy (HAART) successfully
controls human immunodeficiency virus type 1 (HIV-1) repli-
cation in most individuals, resulting in substantial immune
restoration and decreased morbidity and mortality. However,
the suppression of detectable HIV-1 viremia does not invari-
ably result in a significant increase in CD4" T cells. Five to
15% of HIV-infected patients still have a CD4* T-cell counts
of <200 cells/nl and are thus at risk of developing AIDS,
despite being on HAART for several years (15, 23).

The mechanisms responsible for these persistently low
CD4™" T-cell counts are not clear; they could be due to im-
paired reconstitution or to excessive destruction of CD4* T
cells. The recovery of peripheral CD4" T-cell counts in pa-
tients on HAART depends mainly on a slow increase in naive
CD4" T cells (3). Several studies have suggested that the
thymus plays a role in immune reconstitution during HIV-1
infection, even in adults (12, 34, 36), but the extent to which it
determines the regeneration of the peripheral CD4" T-cell
pool in patients on HAART remains unclear. Analyses of
thymic activity are hampered by the difficulty of directly mea-
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suring thymic output. Most studies have measured the signal-
joint (sj) T-cell receptor (TCR) excision circle (TREC) in
blood T cells. This surrogate marker of thymic activity is a by-
product of the TCRS locus rearrangement within the TCRa locus
(d3Rec-YJa rearrangement) that occurs during thymopoiesis (5,
11, 12, 36, 44). However, TRECs persist in recent thymic em-
igrants (RTEs) as episomal DNA circles, do not replicate dur-
ing mitosis, and are thus diluted during cell division (12).
Hence, the TREC content of blood T cells depends not only on
the thymic output alone but also on the turnover of TREC-
bearing cells in the periphery (19). Recent studies have pro-
vided new tools for investigating thymic activity and the pe-
ripheral homeostasis of RTEs. One such tool is the
measurement of the sj/BTREC ratio to assess thymic activity
independently of peripheral events (10). The proliferation of
immature thymocytes, a key determinant of thymic output (1),
between the TCRp chain and the 8Rec-yJa rearrangements
leads to the dilution of the DRJBTRECS before the generation
of sjTREC. The sj/BTREC ratio is thus fixed in RTEs and is
not influenced by downstream cell proliferation (10). The
CD31 phenotype marker on peripheral-naive CD4™ T cells can
also be used to identify a CD31"-cell subset containing RTEs
and a CD31 ™ -cell subset of peripherally expanded naive CD4™*
T cells (24).

The more rapid death of mature CD4" T cells in the pe-
riphery could also affect CD4 " T-cell reconstitution in patients
on HAART (2, 5, 21). Low-level virus replication persists in
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most patients whose plasma virus loads are apparently sup-
pressed by HAART (14, 29), probably because of sanctuary
sites for virus replication. We recently reported that X4 vari-
ants could be gradually selected in cellular reservoirs during
sustained HAART and that those patients on HAART who
harbor predominantly X4 viruses tend to have lower CD4™"
T-cell counts than those of patients harboring mainly RS vi-
ruses (9). Residual replication of X4 viruses could interfere
with both thymic activity and peripheral T-cell homeostasis, as
thymocytes and naive CD4" T cells preferentially bear the
CXCR4 coreceptor for HIV-1 (6, 41, 43).

We have examined this hypothesis and the mechanisms of
immune reconstitution on HAART by comparing the virolog-
ical and immunological features of two groups of patients, one
having poor CD4" T-cell restoration despite sustained viro-
logical responses and the second having good immunological
and virological responses.

MATERIALS AND METHODS

Study subjects and samples. Thirty HIV-1-infected patients, 15 of whom had
poor immune reconstitutions (gain of <200 CD4 cells/pl) despite sustained
optimal virological responses and 15 age-matched patients that had good immu-
nological and virological responses (gain of >500 CD4 cells/pl), were enrolled at
the Department of Infectious Diseases of Toulouse University Hospital, France.
None of them had previously been studied for HIV-1 coreceptor usage. Patients
receiving alpha interferon for hepatitis C virus infection or interleukin-2 immu-
notherapy were not included. All of the patients had sustained plasma virus loads
of <200 copies/ml throughout follow-up. Samples (50 ml) of peripheral whole
blood were collected from each patient, and Ficoll-separated peripheral blood
mononuclear cells (PBMCs) were cryopreserved in liquid nitrogen. Studies of
lymphocyte apoptosis were performed on fresh PBMCs. Cryopreserved samples
taken at baseline before the start of suppressive HAART were used for retro-
spective analyses. Baseline plasma samples were available for 28 of the 30
patients, and PBMC samples were available for 13 of the 30 patients. This
research was approved by the Institutional Review Boards of Toulouse Univer-
sity Hospital and the Pasteur Institute of Paris, France.

Cell sorting of naive T-cell subsets. Polychromatic flow cytometry was used to
sort the CD31* and CD31™ subsets of CD45RA™* CD27" CD4 " T cells and the
CD45RAPright CD27°rieht CD8* T-cell subset from cryopreserved PBMCs. Com-
binations of CD3-fluorescein isothiocyanate (FITC), CD8-phycoerythrin Cy7
(PECy7), CD45RA-PECy5, CD27-PE (Becton Dickinson, Le Pont de Claix,
France), CD4-allophycocyanin, CD45RA-FITC, CD27-PECyS5, and CD31-PE
monoclonal antibodies (MAbs) (Beckman Coulter, Villepinte, France) were em-
ployed. The subsets of naive T cells were purified on a MoFlo cell sorter (Dako-
Cytomation, Trappes, France). The sorted cell populations were routinely better
than 99% pure.

Flow cytometry analysis. Inmunophenotypic analyses were performed by
five-color flow cytometry from cryopreserved PBMCs using combinations of
CD3-PECy7, CD3-energy coupled dye (ECD), CD4-ECD, CD45RA-PE, CD27-
PECy5, CD31-FITC, CD38-PE, HLA-DR-FITC (Beckman-Coulter), CD8-
PECy7, CD8-PerCP (Becton Dickinson), and Ki67-FITC (DakoCytomation)
MAUDs. Intracellular staining was performed after surface staining using Cytofix
and Cytoperm reagents (Becton Dickinson). Flow cytometric acquisition (0.5 X
10° to 5 X 10° events) and analysis were performed on a Cytomics FC 500 driven
by the RXP software package (Beckman Coulter).

Studies of lymphocyte apoptosis in vitro. Spontaneous apoptosis was assayed
on freshly isolated PBMCs that had been incubated in RPMI medium without
stimulation for 24 h. The percentages of dying cells in CD4™ T-cell subsets were
determined by five-color flow cytometry using 7-aminoactinomycin D (7-AAD)
staining combined with CD3-PECy7, CD4-ECD, CD45RA-FITC, and CD27-PE
MAD surface staining (Beckman Coulter), as described previously (30).

PCR amplification and cloning of HIV-1 env and analysis of sequence data.
Nested PCR was used to amplify a region spanning the V1-V2 and V3 regions of
HIV-1 env from PBMCs. Both primary and nested PCRs were performed using
the Expand High Fidelity Plus PCR system (Roche Diagnostics, Meylan,
France). Primers are given in Table S1 in the supplemental material. The PCR
products were cloned using a TOPO-TA cloning kit (Invitrogen, Cergy-Pontoise,
France), and 15 to 20 molecular clones were sequenced for each patient. Phy-
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logenetic analysis of V1-V3 sequences from the entire PCR products showed
distinct clusters of sequences for each patient that excluded any possibility of
sample contamination or mix-up (see Fig. S1 in the supplemental material).
Multiple alignments were done with CLUSTALW 1.83. Molecular clones with an
open reading frame (>85% of all clones sequenced) were selected for down-
stream analysis of coreceptor usage. We could not amplify V1-V3 env from
PBMC:s or obtain infectious recombinant viruses for subjects in each group who
harbored non-B subtype viruses, whereas the 26 subjects successfully analyzed all
harbored subtype B viruses (data not shown).

Determination of HIV-1 coreceptor usage. The phenotype of HIV-1 corecep-
tor usage was determined by using a recombinant virus assay as described
previously (45). Briefly, 293T cells were cotransfected with the V1-V3 env PCR
products of molecular clones and the 43-AV vector (V1-V3 env-deleted pNL4.3)
by the calcium phosphate method. The recombinant virus released from the
transfected 293T cells into the supernatant was used to infect U373 indicator
cells expressing CD4 and either CCRS or CXCR4 coreceptors. These indicator
cell lines carry an inducible long-terminal repeat-LacZ cassette that allows col-
orimetric assessment of virus infection by measuring HIV-1 Tat-induced B-Gal
expression. Genotypic prediction of HIV-1 coreceptor usage was based on V3
amino acid sequence. X4 variants were predicted according to the presence of a
K or R amino acid residue at one of V3 positions 11 and 25 and a net charge of
at least +5 (13).

Cell-associated HIV-1 DNA quantification. Multiplex PCR amplification was
first performed on cell lysates for the HIV-1 gag region, together with the human
CD3 chain gene with outer primer pairs for 22 cycles. The HIV-1 gag and CD3y
amplicons were then quantified in parallel using material from the same first-
round multiplex PCR amplification, by a nested real-time quantitative PCR, with
inner primers and fluorescence resonance energy transfer probes on a LightCycler
(Roche Diagnostics). The same serially diluted standard curve was used to
measure both HIV-1 gag and CD3y generated from the multiplex amplification
of a plasmid in which one copy of the HIV-1 gag and CD3vy fragments had been
cloned. This nested quantitative PCR assay detects one copy of HIV-1 DNA in
10° cells in patients harboring subtype B viruses. Experiments were performed in
triplicate for PBMCs and in duplicate for sorted naive T cells. The primers and
probes are shown in Table S1 in the supplemental material.

TRECs quantification. The sjTREC (8Rec-yJa) and each of the 10
DBJIBTRECs (DB1-JB1.1 to DR1-JB1.6 and DR2-JB2.1 to DP2-JB2.4) were mea-
sured by nested quantitative PCR (10). The syTREC was quantified in triplicate,
and each of the 10 DBJBTRECs was quantified in duplicate. The sum of the
DBIJBTREC frequencies is 1.3 times the sum of the 10 measured DRJBTREC
frequencies (in order to extrapolate to the 13 principal DBJBTRECs). The
sj/BTREC ratio is the syTREC frequency divided by the sum of DRIBTREC
frequencies.

Statistical analysis. Quantitative and categorical variables were compared
using the Wilcoxon rank sum test and the Fisher’s exact test, respectively. Cor-
relations between quantitative variables were estimated by calculating Spear-
man’s rank correlation coefficients. The Wilcoxon matched pairs signed-rank test
was used to compare the sjTREC contents and cellular virus loads in paired
CD31*-and CD31 -cell subsets from each patient. All tests were two-sided, and
P values of <0.05 were considered statistically significant. Statistical analyses
were performed with Stata 8.2.

Nucleotide sequence accession numbers. The sequences reported here were
given GenBank accession numbers DQ136796 to DQ137123.

RESULTS

High frequency of CXCR4-using viruses in poor immuno-
logical responders. The poor immunological responders (n =
15) had a median increase in CD4™ T cells of +165 cells/pl in
response to HAART, while the age-matched good immuno-
logical responders (n = 15) had an increase of +610 cells/u.l at
time of study. The median baseline CD4" T-cell count was
<200 cells/pl in both groups, although it was significantly lower
in the poor immunological responders. All of the patients had
been on HAART for a median of 84 months (interquartile
range, 64 to 94 months), i.e., in a quasi-steady state, and had
sustained plasma virus loads of <200 copies/ml throughout
follow-up (Table 1). We measured the number of HIV-1 gag
DNA copies in PBMCs because residual virus replication can
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TABLE 1. Characteristics of the poor and good immunological responders
Characteristic Poor immunological responders Good immunological responders P
(n = 15) (n = 15)
Age” 48.7 (34-65) 45.5 (30-63) 0.43
Duration of HIV-1 infection since diagnosis” 11.3 (3-21) 9.8 (6-15) 0.24
Baseline plasma HIV-1 RNA load” 5.0 (4.6-5.9) 5.5 (4.9-5.8) 0.38
Baseline CD4" T cells* 71 (43-114) 155 (111-220) <0.01
CD4" T cell gain from baseline®
After 6 mo of HAART +68 (31-77) +202 (156-230)
After 12 mo of HAART +79 (52-93) +309 (254-341)

After 24 mo of HAART
After 48 mo of HAART
Total increase at last follow-up

+96 (81-138)
+112 (90-172)
+165 (103-194)

+326 (256-466)
+591 (451-675)
+610 (430-822)

“ Results shown as mean (range) years.
b Results shown as median (interquartile range) log,, copies/ml.
¢ Results shown as median (interquartile range) cells per microliter.

persist on HAART and thus replenish the cellular reservoirs of
HIV-1 (14, 29, 38). The virus loads in PBMCs from both
groups were similar (P = 0.71) (Fig. 1A). We then looked for
viruses that were using distinct coreceptors in the poor and
good immunological responders. We used clonal analysis of
PCR products from PBMCs to get a representative image of
the virus population for each patient on HAART and charac-
terized the coreceptor usage of the env molecular clones ge-
notypically and phenotypically. Phenotypic analysis of env re-
combinant clonal viruses detected only RS viruses in 11 of 13
good immunological responders, with some X4 or R5X4 dual-
tropic viruses in the other two patients. In contrast, some X4 or
R5X4 dual-tropic viruses were found in 8 of 13 poor immuno-
logical responders and RS viruses alone were found in the
other five (P < 0.05) (Fig. 1B). The phenotypic and genotypic
analyses of coreceptor usage of env molecular clones were fully
concordant, except for the five poor immunological responders
having RS phenotype viruses (the quasispecies from each pa-
tient is given in Fig. S2 in the supplemental material). Muta-
tions in V3 that have been associated with CXCR4 use, such as
an arginine residue at position 25 or an increased net charge of
at least +5 (13), were found in viruses derived from these five
poor immunological responders, although these clones were
still of the RS phenotype. In contrast, none of the RS viruses
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FIG. 1. High frequency of CXCR4-using viruses in poor immuno-
logical responders. (A) Cell-associated HIV-1 DNA load in PBMCs.
(B) Genotypic (geno) and phenotypic (pheno) characterization of
HIV-1 isolates. Patients whose quasispecies included only pure RS
clones are classified as “R5,” and those with some pure X4 or R5X4
dual-tropic clones are classified as “X4.” Also see Fig. S2 in the sup-
plemental material for an analysis of quasispecies in the two groups.

from the good immunological responders had such “X4-like”
genotypic determinants. We also retrospectively characterized
env molecular clones obtained from plasma and/or PBMC
samples taken before starting effective HAART. All but two of
the patients in whom X4 or R5X4 viruses had been found in
PBMCs on HAART already harbored closely related CXCR4-
using viruses before they began HAART. The clones of viruses
with an R5 phenotype but an “X4-like” genotype found in five
poor immunological responders were also detected in pre-
HAART quasispecies (data not shown).

Similar levels of intrathymic proliferation in the poor and
good immunological responders, regardless of the infection by
RS5 or X4 viruses. One of the main immunological hallmarks of
the poor immunological responders was their severe losses of
circulating naive T cells, defined as CD45RA™ CD27" T cells,
in both percentages (Fig. 2A) and absolute numbers (data not
shown) of CD4" and CD8" T cells. As the level of thymic
output is strongly determined by the intrathymic proliferation of
precursor T cells following B selection (1, 42), we assayed the
proliferation of immature thymocytes by measuring the sj/
BTREC ratio in PBMCs (10) to determine whether differences in
intrathymic proliferation could account for this depletion and the
relationship with the presence of X4 viruses. The sj/BTREC ratios
were similar in both groups (P = 0.93) and not correlated with
infection by R5 or X4 viruses (Fig. 2B). The sj/BSTREC ratio was
negatively correlated with age (p = —0.43; P < 0.05) (Fig. 2C) but
not with the percentage of naive CD4" T cells (p = 0.11; P =
0.59) (Fig. 2D). We also retrospectively measured the sj/STREC
ratio before starting effective HAART in four poor and nine good
immunological responders for whom baseline PBMC samples
were available. There was a mean 2.4-fold increase in the sj/
BTREC ratio in response to HAART, without any correlation
with the increase in CD4" T cells in response to HAART in both
groups (data not shown).

Similar frequencies of RTEs in the CD31" naive CD4%
T-cell subsets of the poor and good immunological responders.
Recent models of naive T-cell homeostasis suggest that a vari-
able, regulated proportion of RTEs become incorporated into
the established naive cell population (16). We used the marker
CD31 to identify a subset enriched in RTEs within the naive
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FIG. 2. Similar levels of intrathymic proliferation in poor and good
immunological responders. (A) Percentage of the CD45RA™ CD27*
CD4" and CD8" T-cell populations of poor immunological respond-
ers (PIR) and good immunological responders (GIR). (B) Measure of
the sj/BTREC ratio. Closed red circles, PIR harboring some X4 vi-
ruses; closed red circles with blue rings, PIR harboring RS viruses with
an “X4-like” genotype; gray circles, PIR in whom coreceptor usage
could not be determined; open red circles, GIR harboring some X4
viruses; open blue circles, GIR harboring RS viruses; open gray circles,
GIR in whom coreceptor usage could not be determined. (C) Corre-
lation between the sj/3TREC ratio and age. Closed circles, PIR; open
circles, GIR. (D) Lack of correlation between the sj/BTREC ratio and
the percentage of CD45RA™* CD27" CD4" T cells. Closed circles,
PIR; open circles, GIR.

CD4™ T-cell population (24). The CD31"- and CD31 -naive
CD4 ™" T-cell subsets in the 15 poor and 15 good immunological
responders were sorted by polychromatic flow cytometry. The
frequencies of s;yTREC in the CD31"- and CD31 ™ -cell subsets
of these patients confirmed that the CD31 marker delineates a
TREC-rich cell subset among naive CD4™ T cells (P < 0.0001)
(Fig. 3A). The frequency of RTEs in CD31" cells, measured by
the frequency of sfTREC-bearing cells in the CD31* -naive-cell
subset, was correlated with the level of intrathymic prolifera-
tion, measured by the sj/BTREC ratio, which is a major deter-
minant of the thymic output (p = 0.53; P < 0.01) (data not
shown). The frequency of sjTREC in total PBMCs was also
strongly correlated with the numbers of circulating CD31%-
naive CD4™ T cells (p = 0.74; P < 0.0001) (data not shown).
These findings indicate that the CD31 " -naive-cell subset actu-
ally contained the majority of CD4" RTEs. The frequency of
CD31"-naive cells in the poor immunological responders was
similar to that found in the good immunological responders,
despite their reduced numbers of naive CD4" T cells (P =
0.26) (Fig. 3B). It decreased constantly with age in both
groups, in parallel with an expansion of the CD31 -cell subset
(p = —0.52; P < 0.01) (Fig. 3C). The sjTREC frequencies in
the CD317"- and CD31 ™ -cell subsets of the poor immunolog-
ical responders were similar to those of the good immunolog-
ical responders (Fig. 3D). The finding of similar frequencies of
TREC-rich RTEs in both groups, despite the reduced size of
the naive CD4" T-cell pool in the poor immunological re-
sponders, may be due to a more rapid replacement of naive
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FIG. 3. Similar frequencies of RTEs in the CD31"-naive CD4"
T-cell subsets of the poor and good immunological responders.
(A) szREC content of the CD31"- and CD31 -naive CD4" T-cell
subsets. *, statistically significant difference between groups. (B) Fre-
quency of CD317" cells in naive CD4™" T cells. (C) Correlation between
the percentage of CD31" cells among naive CD4" T cells and age.
Closed circles, PIR; open circles, GIR. (D) sjTREC content of the
CD317"- and CD31 ™ -naive CD4" T-cell subsets.

CD4™" T cells and/or to increased survival of the CD4* RTEs
in these patients.

Similar levels of cellular virus loads in the naive T cells of
the poor and good immunological responders. The infection of
developing thymocytes could result in the export of infected
RTEs to the periphery, or mature naive CD4" T cells may
become infected in secondary lymphoid organs. We measured
HIV-1 gag DNA in sorted CD31*- and CD31 ™ -naive CD4" T
cells and in CD45RA™ CD27" CD8™" T cells in the poor and
good immunological responders to determine which mecha-
nism was predominant. The proportions of naive CD4* T cells
containing HIV-1 DNA were similar in the poor and good
immunological responders (Fig. 4), regardless of infection by
RS or X4 viruses (data not shown). The virus load was higher
in CD31 " cells, i.e., in peripherally expanded naive cells, than
in CD31" cells in both groups (Fig. 4). It was correlated in
both subsets with the cellular virus load in total PBMCs (for
the CD317 cells, p was 0.45 and P was <0.05; for the CD31~
cells, p was 0.53 and P was <0.01) (data not shown). We
amplified low levels of gag DNA in CD45RA™ CD27" CD8™
T cells from only 5 of 26 patients (two poor and three good
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FIG. 4. Similar levels of cellular virus load in naive CD4" T-cell
subsets of the poor and good immunological responders.
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FIG. 5. Persistent T-cell activation in the poor immunological re-
sponders. Level of CD4" (A) and CD8" (B) T-cell activation. Closed
red circles, PIR harboring some X4 viruses; closed red circles with a
blue ring, PIR harboring R5 viruses with an “X4-like” genotype; closed
gray circles, PIR in whom coreceptor usage could not be determined;
open red circles, GIR harboring some X4 viruses; open blue circles,
GIR harboring RS viruses; open gray circles, GIR in whom coreceptor
usage could not be determined. (C) Frequency of naive T cells (Ty,
CD45RA™ CD27"), central memory cells (T¢y;, CD45RA™ CD27%),
effector memory cells (Tgy;, CD45RA™ CD277), and terminally dif-
ferentiated effector memory cells (Tppy, CD45RAY CD277). The
proportion of Tygy in the CD4™ T-cell subset was negligible and is
thus not represented. *, statistically significant difference between the
two groups. (D) Proportion of cells bearing the Ki67 cell cycle marker
in CD45RA™ CD27" CD4" and CD8™ T cells. (E) Cell death rate in
CD45RA™ CD27" CD4" T cells measured using 7-AAD staining.
(F) Correlation between CD4™" T-cell activation and the percentage of
CD45RA™ CD27" CD4" T cells. (G) Correlation between CD8"
T-cell activation and the percentage of CD45SRA™ CD27" CD8" T
cells. Closed circles, PIR; open circles, GIR.

immunological responders; independent of infection with RS
or X4 viruses) (data not shown). However, even though the
sorted cells were >99% pure, we cannot rule out the possibility
of a contamination by a small proportion of other nonnaive
T-cell subsets. Thus, the infection of CD4" CD8* double-
positive thymocytes, if it occurred, rarely resulted in the export
of infected mature naive CD8" T cells to the periphery. The
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infection of naive CD4™" T cells seems to occur primarily in the
periphery, but the possibility that infection of mature thymo-
cytes at a CD4™" CD8™ single-positive stage could account for
a significant proportion of infected cells in the CD31"-naive
CD4" T-cell population in both groups cannot be excluded.

Persistent T-cell activation in the poor immunological re-
sponders. We investigated the possibility that persistent CD4™*
T-cell lymphopenia in the poor immunological responders is
related to greater T-cell activation and apoptosis than those in
the good immunological responders. The activation of CD4™
and CD8" T cells was greater in the poor immunological
responders than it was in the good immunological responders,
as assessed by the HLA-DR and CD38 markers (Fig. SA and
B). T-cell activation was increased in those poor immunolog-
ical responders who harbored RS viruses with an “X4-like”
genotype, as it was in those who harbored X4 viruses, notably
for the CD8™" T cells, but not in the two good immunological
responders infected by X4 viruses. Immunophenotypic analysis
of CD4" and CD8" T-cell subsets using CD45RA and CD27
markers revealed an increased proportion of effector memory
T cells, concomitant to the depletion of naive T cells, in the
poor immunological responders (Fig. 5C). The proportion of
CD45RA™ CD27" CD4™" and CD8™ T cells bearing the Ki67
cell cycle marker in the poor immunological responders was
greater than that in the good responders (Fig. 5D) and was
correlated with the degree of T-cell activation (for the CD4* T
cells, p was 0.41 and P was <0.05; for the CD8™ T cells, p was
0.66 and P was <0.001) (data not shown). We also assessed the
cell death rate of the naive, central memory, and effector mem-
ory CD4™" T-cell subsets using 7-AAD staining. The rate at
which CD4" T cells died was mainly related to the percentage
of effector memory cells among the CD4" T cells (p = 0.86,
P < 0.0001) (data not shown), but the cell death rate of naive
CD4™" T cells was greater in the poor immunological respond-
ers than in the good immunological responders (P < 0.01)
(Fig. 5E). There was a strong negative correlation between
T-cell activation and the size of the naive CD4" T-cell com-
partment in both percentage (p = —0.70, P < 0.0001) (Fig. 5F)
and absolute numbers (p = —0.75, P < 0.0001) (data not
shown). There was a similar negative correlation for the
CD45RA™ CD27" CD8" T cells in both percentage (p =
—0.71, P < 0.0001) (Fig. 5G) and absolute numbers (p =
—0.67, P < 0.0001) (data not shown).

DISCUSSION

Our investigation of the immunological and virological deter-
minants of CD4" T-cell restoration in poor and good immuno-
logical responders on sustained effective HAART suggests that
the persistence of low CD4" T-cell counts in poor immuno-
logical responders is due mainly to excessive destruction of
mature CD4" T cells in the periphery rather than to thymic
dysfunction. Thymic production does not appear to be a lim-
iting factor for long-term CD4" T-cell recovery in patients on
sustained HAART, since the levels of intrathymic proliferation
assessed by the sj/BTREC ratio and RTE frequencies in the
poor and good immunological responders were similar. Our
results are in agreement with those of a recent study reporting
high frequencies of sjTREC in the naive CD4" T cells of
HIV-infected patients on HAART, in particular in patients
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with few naive CD4" T cells, low CD4 nadirs, and poor gains
of CD4" T cells in response to HAART (18). This may be due
to enhanced thymic output and/or to increased incorporation
of the RTEs into the established pool of naive CD4™ T cells in
these patients. In contrast, most previous studies indicating
impaired thymic production in such patients have based their
conclusions on the findings of either low TREC frequencies in
CD4™" T cells, or reduced absolute numbers of sjyTRECs per
microliter of blood (5, 36, 44). The absolute number of
sJTRECs per microliter of blood depends on only the net
balance between the input and output of syTREC-bearing cells
in the blood compartment, whereas sjTREC frequencies are
also affected by T-cell proliferation (19, 31). We found similar
SJTREC frequencies in naive CD4" T cells of poor and good
immunological responders, but because of lower CD4" T-cell
counts in the poor immunological responders, their absolute
numbers of sfTRECs are lower than those in the good immu-
nological responders. However, reduced absolute numbers of
sjTRECs do not invariably reflect impaired thymic production,
notably if sfTREC-bearing cells in the periphery die faster than
the input of RTEs as probably occurs in the subjects we stud-
ied. Indeed, our data are consistent with an increased rate of
naive-cell death in the poor immunological responders but a
thymic function similar to that found in the good immunolog-
ical responders.

Our results, in agreement with those of other studies (2, 21),
show that the frequency of naive T cells is negatively correlated
with the level of T-cell activation. Further investigation is nec-
essary to determine why T-cell activation persists in poor im-
munological responders. This will include studies on the inter-
actions between dendritic cells and T cells, T helper type 1/T
helper type 2 differentiation, cytokine secretion patterns, and
interactions between chemokines and T cells. We will also
carefully examine naturally occurring regulatory T cells (Tregs)
in the poor and good immunological responders, as it has been
suggested that Tregs play a critical role in controlling immune
activation during HIV and simian immunodeficiency virus in-
fections (25, 26), although our preliminary data indicate no
differences in the numbers of CD25"" CD4* T cells in the
two groups (data not shown). The changes responsible for an
increased susceptibility of naive CD4™ T cells to apoptosis,
such as reduced Bcl-2 expression (8), also require further in-
vestigation. The increased survival of both naive and central
memory CD4" T cells has recently been reported to account
for most of the increases in the number of CD4™ T cells in
HIV-infected patients given interleukin-2 (27).

Our findings suggest a possible role for X4 viruses in the
pathogenesis of poor immune reconstitution on HAART. X4
viruses could account for the depletion of the naive T-cell pool
by the impairment of the thymus output or by the destruction
of mature naive cells in the periphery. Thymocytes and naive
CD4" T cells may be particularly susceptible to X4 viruses
because CXCR4 is highly expressed on their surfaces (6, 41,
43), as is suggested by the infection of thymocytes with X4
viruses in vitro (41), and infection of rhesus macaques with
recombinant simian-human immunodeficiency virus-express-
ing CXCR4-using envelopes in vivo (35, 40). Previous studies
showed that immature thymocytes are highly sensitive to ap-
optosis following infection by X4 viruses, whereas mature thy-
mocytes exhibit a high survival capacity to infection by X4
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viruses, notably because of high levels of Bcl-2 (17). Mature
thymocytes may thus represent a reservoir for X4 viruses and
infected RTEs could be exported to the periphery (7, 41).
However, we find that the levels of intrathymic proliferation
and the proportions of CD31"-naive T cells containing HIV-1
DNA in the poor and good immunological responders are
similar, regardless of whether they are infected by RS or X4
viruses. This suggests that the X4-infected poor immunological
responders probably do not have significant levels of infection
of their thymuses under sustained effective HAART.

Our data rather suggest that the naive-T-cell compartment is
drained by a high rate of mature naive cell loss in the periph-
ery. X4 viruses could account for the depletion of the naive-
T-cell pool by the direct killing of target cells or by bystander
apoptosis and activation-induced differentiation. The low frac-
tion of circulating naive T cells harboring HIV-1 DNA does
not exclude a higher frequency of X4-infected naive cells in
lymphoid tissues. But massive virus infection of target cells,
either R5 infection of memory CD4 " T cells or X4 infection of
naive CD4" T cells, occurs mainly in the setting of high-level
virus replication, notably during primary HIV-1 infection (32,
33, 35). In contrast, the patients we studied were all receiving
effective HAART for a median of 7 years, so they probably had
low rates of virus replication in lymphoid tissues. Further in-
vestigations of lymphoid tissues from macaques infected by RS
or X4 simian-human immunodeficiency virus under HAART
should be performed to clarify at what rate naive CD4 " T cells
are infected on HAART. X4 viruses could have damaged the
naive CD4" T-cell pool before HAART, but our results sug-
gest that the loss of naive cells persists even after many years
on effective HAART in the poor immunological responders,
overwhelming thymic production. X4 viruses could play a role
in this process by triggering persistent T-cell activation and
bystander apoptosis via gp120-CXCR4 interactions, although
we cannot entirely rule out the possibility that direct killing of
infected naive CD4" T cells still occurs in lymphoid tissues
despite HAART.

The residual replication of X4 viruses and the expression
and/or secretion of HIV-1 proteins by persistently infected
cells in patients on HAART could result in sufficient gp120 in
the lymphoid microenvironment to trigger the activation and
apoptosis of bystander uninfected T cells via CXCR4 (20, 37).
X4 envelope glycoprotein could mimic the action of a chemo-
kine on T cells that bear CXCR4 (4). Differences in residual
X4 virus replication on HAART or other virus or host deter-
minants could explain differences in T-cell activation and apop-
tosis between X4-infected poor and good immunological re-
sponders. Indirect causes of naive cell loss could also explain
why both CD4"- and CD8" -naive T cells are depleted in the
poor immunological responders. Moreover, our genotypic
analysis of V3 env identified mutations related to CXCR4
coreceptor usage in all five poor immunological responders
infected by viruses with an RS phenotype. These mutations did
not emerge during HAART since viruses with identical “X4-
like” sequences already existed within pre-HAART quasispe-
cies. We can speculate that these viruses could have sufficient
mutations in V3 to enable them to interact with CXCR4 and
thereby activate bystander T cells, even if these viruses could
not efficiently infect target cells via CXCR4 and thus did not
have an X4 phenotype. This model of X4-like pathogenicity of
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R5 “late” viruses might be consistent with studies reporting
increased pathogenicity in R5-infected patients during late-
stage disease (22, 28, 39).

Taken together, our data suggest that X4 viruses could play
a role in the pathogenesis of poor immune reconstitution on
HAART by triggering persistent T-cell activation and by-
stander apoptosis via gp120-CXCR4 interactions. This possi-
bility should be taken into consideration when considering the
benefits and risks of using CCRS entry inhibitors in future
therapeutic strategies.
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